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Chapter 1 
INTRODUCTION
Recent advancements in feldspar crystallography, crystal chemistry, 
and determinative techniques have made the feldspar minerals very 
attractive subjects for studies of mineral and rock paragenesis. The 
structural state of individual feldspars, a measure of the order­
liness of the Al/Si distribution in the feldspar lattice, has been 
Intensely studied, especially for the alkali feldspars. As reviewed 
by Parsons and Boyd (1971), Al/Si ordering has been shown to be a 
function of bulk magma composition and crystallization temperature. 
However, the catalytic effect of volatiles, cooling rate, and 
shearing stress have also been proposed as important controls of 
feldspar structural state (Parsons and Boyd, 1971). The alkali and 
plagioclase feldspars thus have the potential of yielding important 
information regarding the petrogenesis of their host rocks.
This study examines the chemistry and structural states of 
coexisting alkali and plagioclase feldspars from the Philipsburg 
batholith of west-central Montana. Substantial variations in K-feld­
spar structural state have been found, together with less striking, 
but entirely sympathetic, variations in plagioclase ordering and 
the chemistry of both feldspars. These variations were examined in 
terms of host rock mineralogy, modal analyses, two-feldspar geother­
mometry, and coexisting feldspar relationships. The results suggest
1
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that the observed feldspar structural and chemical variations may be 
best accounted for by changes in whole rock composition and crystalli­
zation temperature.
Location and Regional Setting
The Philipsburg batholith is located in the Flint Creek Range 
of western Montana, approximately 80 miles southeast of Missoula 
(see Figure 1). The higher portions of the Flint Creek Range are 
formed by the Philipsburg batholith, the Royal stock. Mount Powell 
batholith, and some smaller intrusive bodies. This group of plutons, 
located approximately halfway between the Boulder batholith to the 
east and the Idaho batholith to the west, intrudes a sequence of 
sedimentary rocks ranging in age from Precambrian to Cretaceous.
No widespread regional metamorphism has affected the area, although 
the structure of the region is very complex.
Previous Work
The first major geologic study of the Flint Creek Range was 
conducted by Emmons and Calkins (1913). Since that time, more 
detailed studies of the northwestern, northeastern, and southeastern 
flanks of the range have been prepared by McGill (1958), Mutch 
(1960), and Csejtey (1963), respectively. The structure and petrology 
of the Royal stock and Mount Powell batholith were examined by Allen 
(1962, 1966). Benoit (1972) has reported on vertical zoning and 
differentiation within these same two plutons. The Lost Creek stock, 
a small intrusive body situated south of the Mount Powell batholith, 
was studied by Winegar (1970). A detailed study of the petrochemistry 
of the western half of the Philipsburg batholith was conducted by 
Ehinger (1971, 1972). The study reported here is part of a continuing
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1. Location map —  Philipsburg batholith and Flint Creek Range,
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project involving the plutons of the Flint Creek Range being conducted 
by Dr. Donald W. Hyndman and Dr. Arnold J. Silverman of the University 
of Montana.
Purpose and Methods
The purpose of this study is to examine the structural states 
and chemical compositions of K-feldspars and plagioclases from the 
Philipsburg batholith and to relate the variation trends observed to 
the petrochemical conditions present in the pluton at the time of 
feldspar formation.
Eighteen rock samples were selected for the project along two 
traverses within the batholith (Figure 2). Chemical analyses were 
obtained for 5 K-feldspar and 6 plagioclase separates. Additional 
analyses for selected samples were obtained from electron microprobe 
scans of thin sections. Structural state determinations were made for 
18 K-feldspars and 16 plagioclases employing X-ray diffraction and unit 
cell refinement data. Modal analyses were also obtained for all 18 
rock samples. The map of whole-rock specific gravity variation within 
the batholith (Figure 2) was obtained from Ehinger (1972).
General Features of the Philipsburg Batholith
The Philipsburg batholith is an oval body covering an area of 
approximately 60 square miles. The pluton is zoned, as revealed by 
specific gravity contouring (Figure 2). Rock compositions range 
from quartz monzonite in the low specific gravity core, through 
granodiorite, to quartz diorite in the high specific gravity areas 
along the western margin of the batholith. All compositional changes 
within the pluton are gradational and can be observed in the field.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Indicating that the batholith is the result of a single intrusion 
(Ehinger, 1971, 1972),
The following characteristics of the Philipsburg batholith have 
been described by Ehinger (1971, 1972): The characteristic composition
of the pluton is a granodiorite (see Figure 3), containing approximately 
20% K-feldspar, 40-50% plagioclase, 18-22% quartz, 5-8% biotite, and 
3-5% hornblende. The typical texture is hypidiomorphic granular and 
no chill zones have been observed within the batholith. The igneous 
nature of the contact between the Philipsburg batholith and the country 
rocks is illustrated by its sharpness, the presence of small dikes 
invading the country rock, contact metamorphism of the surrounding 
country rocks, and the deflection of country rock structures around 
the batholith. Aplite dikes are rare, whereas mafic-rich inclusions 
are common, decreasing in abundance towards the interior of the pluton.
The presence of miarolitic cavities at the highest elevations in 
the Philipsburg batholith led Ehinger (1971) to conclude that the 
pressure within the pluton at the time of emplacement probably varied 
from approximately 400 bars at the highest elevations to 700 bars at 
the lower-most contact. This feature of the pluton, along with the 
contact metamorphic aureole, suggests that the Philipsburg batholith 
was emplaced at a high level in the crust.
From his detailed pétrographie and chemical study of the western 
half of the Philipsburg batholith, Ehinger (1971, 1972) concluded that 
magmatic differentiation was responsible for the compositional zonation 
of the eastern two-thirds of the pluton, whereas the most mafic zones
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
along the western and southwestern margins are best accounted for by 
assimilation of calcareous country rocks.
K/Ar ages from coexisting biotite and hornblende separates 
indicate that the age of the Philipsburg batholith is 74+2 million 
years (Hyndman, Obradovitch, and Ehinger, 1972).
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Chapter 2 
MINERALOGY AND MODAL ANALYSES
Mineraloglcally, the rocks of the Philipsburg batholith range in 
composition from quartz monzonite to quartz diorite, with the typical 
composition being a granodiorite. Ehinger (1971, 1972) has shown 
that the rock compositions of the batholith can, in general, be rep­
resented by their specific gravities, ranging from quartz monzonite 
in the low specific gravity core to quartz diorite in the high specific 
gravity regions along the western edge and in the southwestern corner 
of the pluton (Figure 2). The samples selected for this study (Figure 
2) are representative of the compositional range of the batholith as 
a whole (Ehinger, 1971), even though they are located within a rather 
restricted volume of the pluton.
The mineralogy and petrography of the rocks of the Philipsburg 
batholith have been described in detail by Ehinger (1971). Only those 
features pertinent to this study will be mentioned here.
K-feldspar is present in all of the rocks studied, ranging from 
28.8% of the mode in sample M to only 2.5% in sample J (Table 1). 
Texturally, the K-feldspar is interstitial, suggesting late crystalli­
zation. This interstitial texture is best seen in the rocks from the 
southwestern corner of the pluton, but is also present, although not 
as clearly developed, in the core and eastern zones. In all of the 
samples studied the K-feldspar is poikilitic and commonly contains
8
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Table 1. Modal analyses
Sample Plagioclase K-feldspar
Stained
Quartz
slabs*
Mafics K-spar/total
feldspar
A 54.2 7.3 14.4 24.1 0.12
B 45.0 8.9 11.0 35.1 0.17
C 42.2 7.4 16.1 34.3 0.15
D 53.0 9.2 9.8 28.0 0.15
E 43.7 12.7 16.6 27.0 0.23
F 41.9 16.0 25.8 16.3 0.28
G 52.6 15.9 15.4 16.1 0.23
J 61.4 2.5 11.4 24.7 0.04
K 37.9 21.6 22.4 18.1 0.36
L 32.1 24.6 26.7 16.6 0.43
M 24.6 2 8 .8 32.0 14.6 0.54
N 37.3 28.3 23.3 11.1 0.43
P 44.4 13.8 23.5 18.3 0.24
R 40.6 8.1 38.2 13.6 0.17
T 44.4 21.1 26.3 8.4 0.32
U 38.4 23.4 32 .0 6.1 0.38
Thin sections
H 43.2 11.8 20.9 24.1 0.21
S 41.8 25.5 19.6 13.1 0.38
*See Appendix I for sources of analyses.
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inclusions of all the other major constituents present (quartz, 
plagioclase, biotite, and hornblende), in addition to such accessory 
minerals as magnetite, sphene, and apatite. In all samples except 
E, F, H, and J, the K-feldspar is microscopically perthitic, showing 
small strings, stringlets, and rods of exsolved albite (Ailing, 1938). 
Electron microprobe scans of K-feldspar crystals in samples C, J, 
and M (see Figure 10) indicate that the exsolved albite masses may be 
up to 20 microns across. The perthitic nature of the K-feldspar of 
sample J, which is not visible under the microscope, is established 
by the microprobe scan (Figure 10). The K-feldspars of all samples, 
except S, T, and U from the far eastern edge of the batholith, are 
optically orthoclase. Sample S contains both piaid-twinned micro- 
cline and untwinned K-feldspar, while the K-feldspars from samples T 
and U exhibit vague plaid twinning.
Zoned plagioclase is present in all the rocks examined in this 
study. It ranges in abundance from 61.4% of the mode in sample J to 
24.6% in sample M. Both normal and oscillatory zoning are commonly 
present. Figure 10 illustrates the nature of this zoning in sample 
J as revealed by an electron microprobe scan across a zoned plagioclase. 
Ehinger (1971) has noted that the average An content of plagioclase 
crystal cores increases slightly from the center of the batholith 
towards its perimeter and that there is a marked increase in the 
An content of plagioclase cores in the more mafic southwestern and 
western margins of the pluton. Microprobe scans of zoned plagioclase 
grains from rock samples C, J, and M agree with this trend. The 
average core composition of three plagioclase crystals in sample M,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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from the core of the pluton, is An^^, while the one core composition 
obtained for sample C, in the southwest corner of the batholith, is 
An^y. The average composition of three plagioclase cores from sample 
J, located between samples M and C, is An^^. The plagioclase rim 
compositions show a similar trend, increasing from An^y for sample 
M to An2 g for samples C and J. Ehinger (1971) has concluded that 
plagioclase was generally the first major phase to crystallize 
throughout most of the batholith. The exceptions are the southwestern 
and western portions of the pluton where textural evidence indicates 
that biotite and hornblende largely preceded plagioclase in the 
crystallization sequence. Examination of thin sections of nearly all 
of the rocks used in this study reveals that plagioclase crystals 
included in K-feldspar or adjacent to K-feldspar crystals are very 
commonly embayed and corroded by the K-feldspar and frequently exhibit 
a very noticeable rim. This suggests that in all the rocks employed 
in this study K-feldspar crystallized later than all, or most, of the 
plagioclase.
Modal analyses for the rocks studied are presented in Table 1.
The sources of these analyses are listed in Appendix 1. Figure 3 
shows the modal analyses from Table 1 plotted in terms of quartz- 
K-feldspar-plagioclase-total mafics (biotite + hornblende + opaques). 
The rock classification scheme employed in this paper and in Ehinger 
(1971) is shown on the upper half of the diagram. The mineralogical 
variation apparent in Figure 3 corresponds to spatial variation 
within the batholith. In general, as one moves from the core and 
eastern portions of the pluton towards the southwestern region of high 
specific gravity, the modal amounts of plagioclase and total mafic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Quartz
K-feldspar Plagioclase
Total Mafics
Figure 3* Modal variation of 18 Philipsburg batholith rocks. The 
classification system used in this paper is shown in the upper triangle 
I = granite; I I = quartz monzonite; III = granodiorite; IV = quartz 
diorite.
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minerals increase, while modal K-feldspar and quartz decrease. This 
trend represents a chemical variation, as demonstrated by the whole- 
rock chemical analyses of Ehinger (1971). Those chemical analyses 
show an increase in AI2 O2 # total Fe, MgO, CaO, Na^O, and TiOg and a 
decrease in K^O and SiO^ in the mafic-rich rocks of the southwestern 
and western portions of the batholith relative to the rocks from other 
sections of the pluton. This whole rock chemical variation bears a 
relationship to the feldspar compositions and structural states 
discussed in later chapters.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 3 
FELDSPAR CHEMISTRY
Five K-feldspars and six plagioclases were chemically analyzed 
using flame photometric and X-ray fluorescence techniques (Appendix 
III)» The K-feldspar and plagioclase separates were obtained by 
magnetic and heavy liquid separation procedures described in Appendix 
II.
Analyses were obtained for both feldspars from samples A, J, M, 
and S. In addition, K-feldspar K and plagioclases C and P were analyzed. 
These samples were chosen to provide a wide areal distribution (Figure 
2), as well as a wide range in K-feldspar structural states (see 
Table 8).
In all feldspar separates small amounts of contaminating biotite, 
hornblende, quartz, and K-feldspar or plagioclase were present, largely 
as polymineralic grains. These contaminants, by visual estimate, 
account for less than 0.1% of the total volume of separate and are thus 
believed to have had no significant effect upon the feldspar chemical 
analyses.
K-feldspar Analyses
Bulk K-feldspar chemical analyses are recorded in Table 2, 
together with structural formulae based upon a unit cell of 32 
oxygens.
14
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Table 2. K-feldspar analyses
Sample A J K M S
Chemical analyses
SiOj 65.1 6 3 .3 6 5 .6 64.3 66.7
AI2O3 19.5 18.9 18.9 19.0 18.6
F:2*3* 0 .0 9 0 .0 7 0 .0 9 0.11 0 .0 8
CaO 0.24 0 .34 0.12 0.20 0.21
Na^O 2.1 1.2 1.4 2.0 1.5
V 14.4 16.6 16.7 15.6 15.1
Rb^O** 0.02 0.02 0.04 0.04 0 .0 3
Total 101.45 100.43 102.85 101.25 102.22
Number of ions on the basis of 3 2(0)
SI 11.82 11.76 11.87 11.80 12.01
A1 4 .1 7 4.14 4 .0 3 4.11 3.95
Fe+3 0.01 0.01 0.01 0.02 0.01
Ca 0 .0 5 0.14 0.02 0.04 0.04
Na 0 .7 4 0 .4 3 0.49 0.71 0.52
K 3.33 3 .93 3 .85 3.65 3.47
Z 16.00 15.91 15.91 15.92 15.97
X 4.12 4.50 4.36 4.40 4 .03
Molecular percentages
Ab 17.6 9.8 11.0 16.4 12.9
An 1.0 2.7 0.9 0.9 1.0
Or 81.4 87.5 88.1 82.7 86.1
* Total Fe as FCgOg.
** See Appendix III for discussion.
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Molecular percentages of the potassium (Or), sodium (Ab), and 
calcium (An) feldspar molecules in each bulk K-feldspar were also 
calculated and are recorded in Table 2. Or content ranges from 
81.4% of sample A from the southwestern margin of the pluton to 88.1% 
for sample K in the core region. The molecular percentage of Ab 
varies from 9.8% to 17.6%, while the An content remains nearly constant 
at 1% except for sample J which has 2.7% An. Sample J is the most 
plagioclase-rich and quartz and K-feldspar-poor rock studied and the 
K-feldspar separated from it contains more plagioclase inclusions than 
the other analyzed K-feldspar separates. The high An content (2,7%) 
of this sample is thus a reflection of abundant plagioclase inclusions 
and should not be viewed as an accurate measure of the Ca content of 
the K-feldspar. Calculations based upon the estimated precisions of 
analyses for individual elements (Appendix III) suggest that the bulk 
K-feldspar analyses are accurate to _+l% Or.
Comparison of the bulk K-feldspar compositions to the modal 
analyses (Table 1, Figure 3) does not reveal any strong correlation 
between bulk K-feldspar compositions and host rock mineralogical 
compositions. Nor is any relationship observable between K-feldspar 
composition and position within the Philipsburg batholith. For example, 
rocks K and M are both from the core region of the pluton and both 
contain relatively high modal amounts of K-feldspar, yet they have Or 
contents of 88.1% and 82.7%, respectively. These Or values are near 
the extremes of the range found in the five chemical analyses.
All of the analyzed bulk K-feldspars are more potassic than
Or„rt* This is in accord with the observations of Tilling (1968),80
who found that those perthites from the Rader Creek pluton of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Boulder batholith which are predominantly orthoclase have bulk 
compositions more potassic than Or^g, while microcline perthites are 
less potassic than Or^g. Sample S from the Philipsburg batholith, 
while containing both microcline and orthoclase perthites, is 
predominantly orthoclase on the basis of its diffraction pattern 
(see Chapter 4).
Other workers, including Dietrich (1961) and Ragland (1970), 
have expressed doubts that accurate bulk feldspar analyses can be 
obtained for mineral separates secured through heavy liquid fractiona­
tion. The belief is that exsolved albite, which is heavier than the 
potassic phase of perthites, may be lost during heavy liquid fractiona­
tion. For the samples employed in this study, the grain size is < 80 
and >115 mesh (i.e. larger than ,124 mm), while the maximum size of 
exsolved albite domains is approximately 20 microns (.02 mm). For 
this reason, the writer believes that very little exsolved albite was 
lost and, therefore, the analyses presented in Table 2 are representative 
of the true bulk K-feldspar compositions. A more thorough discussion 
of the problem is presented in Appendix II.
Plagioclase Analyses
Chemical analyses, structural formulae, and Ab-An-Or percentages 
for six plagioclases are presented in Table 3. The analyses are 
believed accurate to jfl7. An.
An contents range from 38.97. to 45.4%, while the percentage of 
albite molecule (Ab) varies inversely from 58.97. to 52.6%. The 
potassium content remains consistent at approximately 2.1% for all 
six plagioclases.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 3. Plagioclase analyses
18
Sample A C J
Chemical analyses
M P S
SlOg 59.3 60.5 58.7 60.2 59.6
AI.Oj 26.8 25.0 27 .0 25.3 26.2
F'ZO,* 0.16 O.ll 0.17 0.19 0.15
CaO 9.03 8,05 9.32 7.71 8.48 7.9
Na^O 6.1 6.1 6.0 6.5 6.3 6.2
KjO 0.3 0.4 0.4 0.4 0.4 0.3
Total 101.69 100.16 101.59 100.30 
Number of ions on the basis of 32
101.13
(0)
Si 10.43 10.75 10.36 10.70 10.53
A1 5.55 5.23 5.61 5.30 5.45
0.02 0.02 0.02 0.03 0.02
Ca 1.70 1.53 1.76 1.47 1.60
Na 2.08 2.10 2.05 2.24 2.16
K 0.07 0.09 0.09 0.09 0.09
2 16.00 16.00 15.99 16.02 16.00
X 3.85 3.72 3.90 3.80 
Molecular percentages
3.85
Ab 53.9 56.5 52.6 58.9 56.2 57.6
An 44.0 41.3 45.4 38.9 41.7 40.6
Or 2.1 2.2 2.1 2.1 2.1 1.8
* Total Fe as FCjOj.
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Since the analyzed plagioclases are zoned and the separates 
were prepared using heavy liquids, the plagioclase analyses reported 
here may be somewhat more calcic than the true bulk plagioclase 
compositions (see Appendix IX for discussion)• The problem again 
involves crushing and separating inhomogeneous mineral grains and is 
analogous to the problem discussed above of obtaining representative 
R-feldspar separates from perthitic mineral grains.
Comparison of the analyzed bulk plagioclase compositions with 
modal analyses (Table 1, Figure 3), position in the pluton (Figure 2), 
elevation, and whole-rock specific gravity (Table 4) reveals one 
striking correlation. The bulk An contents of the plagioclase samples 
vary nearly linearly with the modal percentage of plagioclase in the 
host rocks (Figure 4). The An content of the plagioclase increases 
directly with increasing modal content of plagioclase. To evaluate 
this trend more directly in terms of whole rock composition, a 
"differentiation index" is calculated by adding the modal quartz and 
alkali feldspar percentages of the whole rock to the modal albite 
content contained in the plagioclase, which, in turn, is found by 
multiplying the modal percentage of plagioclase by the Ab percentage 
of the plagioclase composition. This "differentiation index" differs 
from that of Thornton and Tuttle (i960) in that it employs modal 
rather than normative compositional data. The "differentiation indices" 
calculated range from 46.2 for sample J to 75.3 for sample M. These 
values are a measure of the whole-rock composition and are not intended 
to imply that the rocks considered are necessarily the products of a 
magmatlc differentiation process.
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Table 4. Elevation and specific gravity
Sample Elevation Specific gravity
A 6510* 2 .705
B 6500' 2.785
C 6770' 2.79
D 6020' 2.72
E 6300' 2.755
F 5930' 2.755
G 7040' 2.681
H 6710' 2 .72
J 6660' 2.665
K 7440' 2.662
L 7530' 2.68
M 7925' 2 .628
N 8613' 2.64
P 7710' 2.68
R 7850' 2.696
S * 2.711
I 7470' 2,660
u 7490' 2 .658
* Elevation unknown. See Appendix II.
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Figure 5, the plot of plagioclase composition versus the 
"differentiation index," demonstrates a strong relationship between 
plagioclase An content and whole-rock composition, with the exception 
of sample C« The more felsic the whole rock, the less calcic the 
plagioclase it contains. It may be noted that the rocks of the 
Philipsburg batholith are low-mafic rocks, so that the Ca they contain 
is almost entirely in the plagioclase. Plagioclase composition is 
thus directly dependent upon whole-rock CŒaposition, as observed in 
Figure 5. The anomalous position of sample 0 on Figure 5 may be the 
result of Ca entering minerals other than plagioclase, since sample C 
contains considerably more mafic minerals (34.3%) than any of the 
other rocks plotted on the diagram (see Table 1). Figure 5 suggests 
that the plagioclase composition variation in the Philipsburg batholith 
is best accounted for by changes in whole rock composition, rather 
than by such other factors as position within the pluton and elevation. 
Coexisting Feldspar Cexpositions
Analyzed feldspar compositions are plotted on Ab-An-Or diagrams 
in Figure 6. In part A of the diagram bulk K-feldspar and bulk 
plagioclase compositions are plotted with lines drawn connecting the 
coexisting feldspars for samples A, J, M, and S. Plagioclase rim and 
core compositions for samples J and M are plotted with the bulk 
K-feldspar compositions in part B. The rim compositions, as determined 
by electron microprobe analysis, are An^^ aiid An^^, respectively, 
while the corresponding core values are An^^ and An^^. The lines 
drawn arc not necessarily tie lines connecting feldspars that were 
crystallized simultaneously. The term coexisting is meant simply to 
designate feldspars present in the same rock and is not used in this
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Figure 5. Plot of plagioclase composition vs. whole rock composition 
as represented by the "Differentiation Index" (see text for explanation)
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Figure 6, Coexisting K-feldspar —  plagioclase relationships for 
(A) bulk feldspar compositions and (B) for plagioclase rîm and core 
compositions as determined by electron microprobe analysis.
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paper to imply that the feldspar compositions discussed are those of 
mineral phases that have ever coexisted in equilibrium. On the con­
trary, evidence has previously been cited that indicates that most, 
if not all, of the plagioclase had crystallized before K-feldspar 
precipitated.
Figure 6 shows that the two feldspars vary in composition over 
rather narrow ranges. Inspection of the lines drawn between coexisting 
feldspar pairs reveals that both feldspars become more sodic as one 
moves from sample J, through sample S, to sample M, paralleling the 
increase in the "differentiation indices" of the rocks. Figure 6 
shows the same tendency for both the plagioclase cores and the much 
more sodic rims as that seen in part A. The feldspars decrease in 
Ab content as one moves from the felsic core of the pluton towards 
the more mafic region in the southwestern portion of the batholith.
Studies conducted by Fiwinskii (1968) and Piwinskii and Wyllie 
(1968, 1970) upon plutonic rocks ranging in composition from granite 
to quartz diorite from the Sierra Nevada and Wallowa batholiths, 
respectively, produced a distribution of coexisting feldspar composi­
tions entirely similar to that described here for the Philipsburg 
batholith. Whole rock composition must thus be considered to have an 
important control over the compositions of coexisting feldspars.
Hydrothermal melting experiments have been conducted by Piwinskii 
(1968), Piwinskii and Wyllie (1968, 1970), and Yoder et al (1957) upon 
natural rocks. These studies have demonstrated that coexisting feldspar 
compositions are also temperature dependent. Piwinskii and Wyllie 
found that raising the temperature, while maintaining a constant total 
composition, causes the plagioclase to become more calcic at the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
26
same time that the coexisting K-feldspar becomes more sodic. This 
temperature effect upon the partitioning of sodium between coexisting 
plagioclase and K-feldspar has been suggested as a geothermometer by 
Barth (1956, 1962). It is thus possible that the pattern of coexisting 
feldspar variation within the Philipsburg batholith may be a function 
of temperature as well as of whole rock composition. Additional data 
needed to evaluate this possibility will be considered below in terms 
of variations in feldspar structural states.
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Chapter 4 
K-FELDSPAR STRUCTURAL STATES
The structural states of eighteen K-feldspar separates were 
examined through X-ray powder diffraction techniques. The results 
Indicate a significant variation In degree of Al/Sl ordering which 
correlates well with the position of the samples within the Philipsburg 
batholith and with whole rock composition.
Definitions and Procedures
Powdered samples of the clean K-feldspar separates were X-rayed 
according to the procedures discussed in Appendix II. Three diffraction 
patterns were obtained for each sample. Inspection of these diffraction 
patterns, together with analysis of the relationships between selected 
(hkl) reflection positions and unit cell parameters, yielded estimates 
of the structural states of Individual K-feldspar samples.
The term 'structural state* Is employed In this paper to specify 
any one of the many ordering modifications that a feldspar of a 
given composition may assume. These ordering modifications are 
due to the ordering of Al and Si within the feldspar structure. For 
K-feldspars, in particular, the possible structural states range from 
the most disordered feldspars of the sanldlne-hlgh albite series 
(highest structural state) to the most ordered maximum mlcrocllne-low 
albite series (lowest structural state). Each of these series represents 
a group of compounds with the same degree of Al/Sl order, but ranging
27
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in composition from pure Na-feldspar to pure K-feldspar. Intermediate 
structural states can exist between the ordering limits of the two 
series.
The details of Al/Si ordering in alkali feldspars have been 
discussed by Stewart and Ribbe (1969). The ordering involves the 
distribution of Al and Si among the four possible tetrahedral lattice 
sites in an alkali feldspar. The most disordered sanidine-high albite 
series ideally contains, on the average, 0.25 Al atoms in each of the 
four sites, whereas the most ordered feldspars of the maximum microcline* 
low albite series ideally contain 1.0 Al atom in the most preferred 
lattice site (designated T^O) and no Al at«ns in the three remaining 
sites (T^M, T^O, and TgM). The alkali feldspar ordering process 
involves the progressive movement of Al atoms into the energetically 
preferred T^O site fvom all three of the other tetrahedral sites 
(Stewart and Ribbe, 1969).
The powder diffraction procedure employed in this study is an 
averaging process. It is important to note that even though the 
degree of Al/Si ordering may vary within individual K-feldspar 
crystals and between crystals within the same rock, the diffraction 
patterns obtained portray the average structure present in the X- 
rayed sample. Furthermore, the diffraction data and unit cell refine­
ments obtained are for the potassic phase of the perthitic K-feldspars 
only. The exsolved Na-feldspar was not abundant enough in any of the 
samples examined to provide a sufficient number of unambiguously 
indexed reflections upon which a structural determination or unit cell 
refinement could be based.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
The analytical procedures by which the X-ray diffraction data and 
unit cell parameters discussed below were obtained are detailed in 
Appendix II.
Powder Diffraction Data
Variations in the structural state of the potassic phase of 18 
perthitic K-feldspars frtxn the Philipsburg batholith are clearly 
demonstrated by three types of data: (131)-(131) reflections,
(060)-(204) reflections, and b-c unit cell dimensions. The first two 
of these were obtained directly from X-ray diffraction patterns.
Inspection of the (131) and (131) reflections of the 18 K-feldspar 
samples reveals that all but samples S, T, and U have relatively sharp 
(131) reflections without any apparent (131)-(131) splitting. These 
15 samples are thus, at least at the degree of resolution available 
from powder diffraction techniques, monoclinic in synmietry. Samples 
T and U have somewhat broadened (131) reflections, possibly indicating 
variable structural state. No (131)-(131) splitting is observed, 
however, so samples T and U are also considered to be monoclinic.
Sample S produced a diffraction pattern entirely different from that 
of any of the other analyzed K-feldspars. A broad monoclinic (131) 
reflection is present, as well as much less intense (131) and (131) 
reflections for a triclinic phase. The triclinic (131) and (131) 
reflections are rather broad and irregular in shape, suggesting a 
variable structural state. The approximate obliquity of the tri­
clinic phase is 0.93. Obliquity (A) was defined by Goldsmith and 
Laves (1954) as
A  = 12.5 [d(131)-d(131)] .
It is a measure of the degree of triclinicity exhibited by a K-feldspar.
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Honocllnlc K-feldspars have A = 0.00, while maximum microclines have 
1*00. Rock sample S thus contains a dominant monoclinic phase of 
somewhat variable structural state and subsidiary triclinic, near­
maximum microcline. The diffraction patterns confirm the pétrographie 
observation that sample S contains both plaid-twinned microcline and an 
untwinned, optically-monoclinic K-feldspar. Because of the subsidiary 
nature of the microcline in sample S and the irregular character of its 
reflections, it was not possible to obtain the diffraction and unit 
cell data necessary to rigorously specify its structural state. 
Therefore, all references to K-feldspar S below refer only to the 
monoclinic phase. Characteristic X-ray diffraction scans of the three 
types of (131) and (131) reflections discussed above are portrayed in 
Figure 7.
Wright (1968) has demonstrated that the b unit cell dimension 
of K-feldspars is linearly related to the 20 value of the (060) 
reflection, the c. cell dimension to the (204) value, and the a 
dimension to the (201) 20 value. Stewart and Ribbe (1969) have more 
recently justified Wright’s observations by providing a structural 
explanation for variations in K-feldspar unit cell parameters with 
Al/Si ordering. Using the linear relationships mentioned above, 
l^ight (1968) has devised a diagram from which K-feldspar structural 
states and compositions can be estimated. The diagram (Figure 8) 
is based upon the observation that the b and c unit cell dimensions 
vary with K-feldspar structural state, while the a dimension varies 
primarily with changes in composition. Figure 8 is constructed using 
data from the sanidine-high albite and maximum microcline-low albite 
geries previously discussed, together with an alkali-exchanged
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Sampte A
Sample U
M(13î)
T(131)
Sample S
29 30" 31
Figure 7, Representative x-ray diffraction scans between 20=30.5 and 
28=29" showing the three types of (131) reflections observed in the 
Philipsburg batholith. The vertical scale is the same for all three 
samples. M=monoc1inic; T=triclinlc.
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orthoclase series prepared by Wright and Stewart (1968), The values
of 26 (060) and 20 (204) are plotted on the ordinate and abscissa,
respectively, while 20 (201) is plotted on cross contours. K-feldspar
structural states thus vary parallel to the (201) contours and
composition varies perpendicular to them.
The 20 values for the (060), (204), and (201) reflections
obtained for the 18 K-feldspars from the Philipsburg batholith are
recorded in Table 5, The (060) vs (204) positions for each of the
samples are plotted on Figure 8, From this diagram the 20 value of
(201) was estimated from the cross contours and is recorded in
Table 5 as (201) , Wright (1968) has stated that if the value ofest
(201) _ agrees with the value actually measured from the diffractionest
patterns, (201)^^^, within 0.1^ 20, the unit cell dimensions of the 
sample may be considered normal. Inspection of Table 5 reveals that 
all specimens have normal cell dimensions, except K-feldspars D and 
Ü, which may be somewhat anomalous.
The scatter of data points on Figure 8 indicates that the 
perthite samples examined are apparently quite uniform in composition, 
having potassic phases that are all very poor in sodium content. The 
structural states, however, span a wide range of the region between 
the potassic end of the orthoclase series of Wright and Stewart 
(1968) and maximum microcline.
Those K-feldspars from the mafic-rich, high specific gravity 
region in the southwestern corner of the pluton are uniformly less 
ordered than those K-feldspars from the more felsic core and eastern 
regions. K-feldspar S, as might be expected from its coexistence with 
a near-maximum microcline, shows the most ordered (lowest) structural
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Table 5* 20 values (CuK^ radiation) of 060, 204, 201^^^*, and
201 ** of K-feldspars of the Philipsburg batholithes t
Sample 060 204 5«'obs* 201 ** est
A+ 41.68 50.67 21 .03 20.97
B 41.68 50 .67 21.04 20.96
C 41.69 50.68 21 .03 21.01
D 41.69 50 .70 21.04 21.15
E 41.71 50 .67 21.04 21.09
F 41.68 50 .66 21.04 20.95
G 41.70 50 .65 21.01 20.97
H 41.68 50 .66 21.04 20.98
41,68 50 .68 21.04 20.97
k’*’ 41.69 50 .65 21.00 20.95
L 41.71 50.63 21.02 20.97
41.73 50.64 21.02 21.04
N 41.71 50.62 21 .03 20.95
P 41.72 50.62 21.01 20.93
R 41.73 50.60 21.03 20.94
gt.tt 41.76 50 .60 21.04 21.03
T 41.72 50.61 21.04 20,94
U 41.72 50.60 21 .03 20.90
* Values measured directly from diffraction patterns._
** Values estimated from Figure 8. If agreement with 201 . is within 
0.1*28, the feldspar is assumed to have normal unit cel 1° ^dimensions 
(Wright, 1968). 
f Chemical analysis obtained.
+t Data presented for the monoclinic phase only. See text for discussion,
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Figure 8. A: 26 (060) vs. 20 (204) plot for the alkali feldspars. Cross 
contours are 20 (201) (Wright, 1968). B; Enlargement of the potassic end 
of Part A, showing 18 K-feldspars from the Philipsburg batholith.
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state. The structural state of a K-feldspar sample, and thus its 
degree of Al/Si order, is apparently dependent upon its location within 
the batholith.
Unit Cell Refinements
Least squares unit cell refinements were obtained for the 
18 K-feldspars (see Appendix II). The resultant computer-refined 
unit cell dimensions, angles, and volumes are recorded in Table 6.
The reciprocal unit cell parameters are listed in Table 7.
The computer-calculated standard errors of measured 26 
reflection positions are also recorded in Table 6. With only two 
exceptions (P and R), they are less than 0.02. This suggests that 
the measured positions of diffraction reflections, particularly 
(060), (Y04), and (201), are accurate within j^0.02° 20,
Figure 9 is an adaptation of the (060)-(204) plot of Figure 8.
The corners of the quadrilateral are the b vs c cell dimension 
positions of sanidine, maximum microcline, high albite, and low 
albite, as given by Stewart and Ribbe (1969). The computer-refined 
b and c dimensions of the 18 K-feldspars studied are plotted on 
Figure 9. This diagram is interpreted in a manner analagous to 
Figure 8. Structural state varies parallel to the sanidine-maxlmum 
microcline join and composition varies perpendicular to the join.
The b vs c plot, being based upon cell dimensions calculated from a 
minimum of 11 diffraction reflections, is considered to be more 
reliable than the (060) vs (204) plot, which is based upon only two 
reflections. The cross on Figure 9 represents the maximum of two 
standard errors of the plotted cell dimensions, although the errors 
attached to most of the dimensions are about half of that shown.
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CD■DOQ.Cg
Q. Table 6. Direct unit cell parameters for K-feldspars
"OCD
1
C/) Sample Cell edges (A)* Interaxial Cell 03 Standard Reflectionsc/)
o' angle B volume (A ) error 20** measured/3
O 2 b £ accepted
3CD
O A 8.5756 12.9800 7.2027 115*59.88' 720.608 0.01499 11/11O
=.
*.0043 *.0058 *.0018 * 1.74' *.414 D.F.«7
CD
O B 8.5785 12.9908 7.2031 116*02.37' 721,242 0.01396 19/19
$3CD *.0016 *.0024 *.0012 * 0.96' *.181 D.F.-15
"nc C 8.5791 12.9900 7.2028 116*01.67' 721.293 0.01186 19/19
3.3"CD *.0018 *.0021 *.0011 * 0.88' *.171 D.F.-15
CD
■D
3 D 8.5728 12.9912 7.1994 116*00.81' 720.569 0.01394 20/18
Q.C
a
*.0021 *.0027 *.0013 * 0.95' * .203 D.F.-14
o"
3
"O E 8.5735 12.9857 7.2033 116*00.55' 720.741 0.01703 19/19
O
3" *.0030 *.0027 *.0016 * 1.27' * .259 0.F.-15
<—HCD
Q. F 8.5724 12.9916 7.2037 116*02.65' 720.794 0.01487 19/19
$  1—H3" *.0030 *.0029 *.0013 * 1.03' * .239 D.F.-15
■O G 8.5772 12.9878 7.2067 116*01.21' 721.436 0.01628 20/20
1
C/)
*.0032 *.0026 *.0016 * 1.12' *.255 D.F.=16
c/)
o"
3 H 8.5734 12.9907 7.2016 115*59.12' 720.990 0.01693 17/17
*.0035 *.0037 *.0017 * 1.20' *.295 D.F.-13
J 8.5728 12.9926 7.2020 116*00.59' 720.932 0.01520 16/16
*.0028 *.0030 *.0017 * 1.37' *.245 D.F.-12
K 8.5847 12.9882 7.2055 116*01.05' 721.986 0.01415 18/17
*.0031 *.0027 *.0013 * 1.08' *.263 D.F.-I3
w
CD■DO
Q.
Cg
Q.
■D
CD
C/)W
o"30
3
CD
8
ci'3"
1
3
CD
3.
3"
CD
CD■DO
Q.CaO
3■DO
CD
Q.
■D
CD
3
C/)W
o"
Sample
£
Cell edges (A)* 
b
Table 6 —  Continued
Interaxlal 
angle 6
£
Cell 03 
volume (A)
Standard 
error 26**
Reflections
measured/
accepted
L 8.5838
1.0035
12.9828
1.0030
7.2108
1.0016
116°03,77' 
1 1.11'
721.863
1.268
0.01543 17/16
D.F.=12
M 8.5793
1.0025
12.9809
1.0030
7,2101
1.0014
116*02.60* 
1 1.12*
721.434
1,246
0.01643 19/19
D.F.-15
N 8.5822
1.0023
12.9819
1.0024
7.2107
1.0014
116*02.71* 
1 1.02*
721.788
1.216
0.01443 20/20
D.F.-16
P 8.5756
1.0051
12.9801
1.0055
7.2113
1.0025
116*00.61* 
1 2.52*
721.400
1.500
0.02820 15/15
D.F.-11
R 8.5771
1.0039
12.9794
1.0048
7.2124
1.0019
116*00.43* 
1 1.88*
721.624
1.391
0.02098 15/15
D.F.=11
S+ 8.5755
1.0035
12.9706
1.0030
7.2126
1.0013
115*48.47' 
1 2.38*
722.229
1.288
0.01305 11/11
D.F.-7
T 8.5665
1.0028
12.9792
1.0020
7.2100
1,0012
115*59.01* 
1 1.91*
720.619
1.213
0.01159 12/12
D.F.-8
U 8.5697
1.0029
12.9793
1.0026
7.2121
1.0016
116*00.33* 
1 1.44*
720.972
1.260
0.01564 18/18
D.F.»14
* CuK^ (1.541781 A) used for 26 < 30°
CuK^ (1.540562 A) used for 26 > 30°
** Unit weight used for all lines 
t Cell refinement for monocllnic phase only
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Table 7. Reciprocal unit cell parameters for K-feldspars
Sample
a^
Cell edges (A)^ 
b* Ç*
Interaxial 
angle 6*
A 0.129739
*.000047
0.077041
* .000034
0.154468
*.000031
64*00.12' 
* 1.74'
6 0.129731
*.000026
0.076988
*.000015
0.154504
* .000027
63*57.95' 
* 1.08'
C 0.129718
* .000025
0.076983
*.000013
0.154504
*.000019
63*58.32' 
* 0.89'
D 0.129798
*.000033
0.076975
*.000016
0.154560
*.000024
6 f  59.18' 
* 0.95'
E 0.129783
*.000041
0.077008
*.000016
0.154469
* .000029
63*59.45' 
* 1.27'
F 0 .129838
*.000043
0.076973
* .000017
0.154508
*.000025
63*57.34' 
* 1.03'
6 0.129739
*.000047
0.076995
*.000016
0.154412
* .000030
63*58.79' 
* 1.12'
H 0.129758
*.000052
0.076978
*.000022
0.154474
*.000031
64*00.87' 
* 1.20'
J 0.129794
* .000035
0.076970
*.000018
0.154408
*,000029
63°59.40' 
* 1.37'
K 0.129623
*.000043
0.076993
*.000016
0.154434
*.000024
63*58.94* 
* 1.08'
L 0.129686
* .000053
0.077025
*.000018
0.154380
* ,000029
63*56.22' 
* 1.11'
M 0.129732
*.000031
0.077036
*.000018
0.154369
* .000027
63*57.39' 
* 1.12'
M 0.129690
* .000032
0.077030
*.000014
0.154357
*.000026
63*5 7.2 9' 
* 1.02'
P 0.129752
*.000081
0.077041
* .000033
0.154300
* .000056
63*59.39' 
* 2.52'
R 0.129724
*.000048
0.077053
* .000029
0.154271
* .000038
63*59.57' 
* 1.89'
0.129531
*.000043
0.077098
*.000018
0.154008
*.000046
64*11.52'
* 2 .3 8'
T 0.129860
* .000028
0.077046
*.000012
0.154293
*.000036
64*00.99' 
* 1.91'
U 0.129835
* .000030
0.077046
*.000015
0.154276
*.000026
63*59.66' 
* 1.44'
t CuK (1.541781 A) used for 26 < 30 ; CuK. (1,540562 A) used for 26 > 30Ot “
tt Cell refinement for monoclinic phase only.
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Figure 9. b vs. c unit cell dimension plot for K-feldspars from the 
Philipsburg batholith. Cell dimensions of end members and Abe lines from 
Stewart and Ribbe (1969). Part B is an enlargement of the potassic end of 
Part A.
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The scatter of data points on Figure 9 again indicates that the
K-phase of the analyzed perthites is very Na-poor and that the
composition is fairly uniform among all of the samples. Only sample A 
appears to have significantly more Na content than the average. This 
observation is confirmed by the chemical analysis of K-feldspar A 
(Table 2)• The trend of K-feldspar structural state variation is the 
same as that previously discussed for Figure 8.
For convenience in comparing the relative structural states of
the 18 K-feldspars, it was considered desirable to attach a numerical 
value to the degree of order of each sample. Such an ordering index, 
Abe, has been proposed by Stewart and Ribbe (1969). Abe is calculated 
by drawing equally spaced lines parallel to the sanidine-high albite 
and maximum microcline-low albite joins and dividing the quadrilateral 
into five equal subdivisions. A value of 0.5 is assigned to the former 
join and 1.0 to the latter. Stewart and Ribbe (1969) have demonstrated 
that Abe values can be used to estimate the Al content of the T^ lattice 
sites. Thus sanidine has 507, occupancy (ideally 257. in T^O and 257. 
in T^M), while maximum microcline has 100% of the Al atoms in T^ 
sites (predominantly T^O).
For the 18 K-feldspars from the Philipsburg batholith, Abe ranges 
from 0.77 for sample D from the southwestern region to 0.91 for sample 
S, thus indicating an Al content of the T^ sites of from 777. to 91%.
The Abe values are recorded in Table 8.
Potassic Phase Composition
The composition of the potassic phase of the 18 analyzed perthites 
was calculated from computer-refined unit cell volumes using Figure 1 
of Wright and Stewart (1968). These compositions are listed in Table 9.
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Table 8, Ordering Indices of K-feldspars*
iple Ordering index
A 0.82
B 0 .8 0
C 0.79
D 0.77
E 0.81
F 0.80
G 0.83
H 0.78
J 0.78
K 0 .8 2
L 0.87
M 0.87
N 0.87
P 0.88
R 0.89
S 0.91
T 0.88
U 0.89
* Derived from Figure 9 after the method of Stewart and Ribbe (1969) 
See text for explanation.
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Table 9. Composition of the potassic phase of perthites*
Sample Weight % Or
A 90
B 92
C 92
D 92
E 92
F 92
G 93
H 92
J 92
K 94
L 94
M 93
N 94
P 93
R 93
S 94
T 91
U 92
* Calculated from computer-•refined unit cell volumes using Figure 1 of
Wright and Stewart (1968).
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Such chemical compositions can also be estimated from the a cell 
dimension and from 20 (201) (Wright, 1968), but these are not considered 
to be as reliable due to the possible influence of anomalous unit cell 
dimensions.
The compositions recorded in Table 9 vary over a narrow range 
from Or^Q to Org^. Average compositions for the potassic phase of 
perthites C, J, and M obtained from electron microprobe scans are 
Otgg g, and Or^^ respectively. Comparison between the
compositions determined by the two different procedures for samples 
C, J, and M show excellent agreement and suggest that the unit cell- 
derived values are probably accurate to within ̂ 27. Or. The microprobe 
scan of K-feldspar J (Figure 10) also demonstrates that the potassic 
phase of the perthite is not completely homogeneous. It varies in Or 
composition by about 10%.
The difference between the composition of the potassic phase and 
the bulk composition of a perthite may be viewed as an estimate of the 
degree of exsolution that has occurred. The Or percentages of the 
potassic phase and bulk perthite compositions, the difference (4E) 
between the two compositions, and the Abe value of the potassic phase 
for samples A, J, K, M, and S are recorded in Table 10. varies from 
4 for sample J, which is not perthitic in thin section, to 10 for sample 
M. A comparison between AE and the K-feldspar ordering index (Abe) 
reveals that the least perthitic sample (J) has the least ordered 
potassic phase, while the most perthitic sample has the second highest 
ordering index- In general, the correlation between the estimated 
degree of exsolution and Abe is not striking, but it does suggest
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Figure 10, Electron microprobe scans across (A) a zoned plagîoclase
from sample J and (B) a perthitic K-feldspar with plagîoclase inclusions 
from sample J.
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Table 10. Comparison of potassic-phase and
compositions
bulk orthoclase perthite
Wt, % Or 
(bulk)
AE*" K-spar Abc^
A 90 81 9 0.82
J 92 88 4 0.78
K 94 88 6 0.82
M 93 83 10 0.87
94 86 8 0.91
* Determined 
(1968).
** AE = wt. %
from unit cell 
Or (K-phase)
volumes using 
- wt. % Or (bu
Figu
Ik).
re I of Wright and Stewart
t Values taken from Table 8. 
ft Sample S contains microcline as well as orthoclase perthite.
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that the exsolution and ordering processes in the K-feldspars may be 
closely related.
In a study of 60 perthites from the Enchanted Rock batholith 
of Texas, Ragland (1970) demonstrated a strong correlation between 
the structural state of the potassic phase of the perthite and its 
composition. He found that the potassic phases become progressively 
more Or-rich with increasing Al/Si ordering. Figure 11 is a plot of 
the relationship between K-feldspar ordering (Abe) and the potassic 
phase composition for the K-feldspar from the Philipsburg batholith. 
Closed circles represent the potassic phase compositions calculated 
from unit cell volumes, while the open circles represent the average 
compositions determined for samples C, J, and M from electron micro­
probe scans. The unit cell-derived compositions are also average 
compositions, since they are ultimately based upon X-ray diffraction 
data.
Inspection of Figure 11 suggests that with the exception of 
samples T and Ü there may be a slight trend for the more ordered 
K-feldspars to be richer in Or content than the less ordered samples. 
As previously stated, the compositions derived from unit cell volumes 
are believed accurate to ̂ 2% Or. This uncertainty, however, is about 
half of the total range observed (47. Or), so that any interpretation 
applied to Figure 11 must be only very tentative.
K-feldspar Structural State and Whole Rock Composition
As noted in a previous section, the structural states of the 
18 K-feldspars examined vary according to the location of the sample 
within the pluton (see Figures 2 and 9). This variation also 
corresponds to whole rock composition. The least ordered K-feldspars
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Figure 11. Plot of degree of K-feldspar order vs, the composition of the 
potassic phase in 18 perthites from the Philipsburg batholith.
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are located in the mafic-rich southwestern corner of the batholith, 
while the more highly ordered K-feldspars are taken from the more 
felsic rocks of the core and eastern portions.
Figure 12 demonstrates the relationship between K-feldspar ordering 
and whole rock cœnposition. The ordering indices (4bc) of six 
K-feldspars are plotted against the differentiation indices obtained 
for the six rock samples for which plagîoclase analyses are available 
(see Chapter 3). The resultant diagram indicates a strong correlation 
between structural state and whole rock composition. The more felsic 
rocks (i.e. those with higher differentiation indices) clearly contain 
the more ordered K-feldspars. This relationship is common and has 
been described by numerous authors, including Ragland (1970), Tilling 
(1968), Parsons and Boyd (1971), Dietrich (1962), Wright (1964), and 
Vorma (1971). An interpretation of the K-feldspar structural state- 
whole rock composition relationship is discussed in Chapter 7.
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Chapter 5 
PLAGIOCLASE STRUCTURAL STATES
Unit cell parameters were obtained for 16 plagîoclase samples 
from X-ray powder diffraction data In the same manner they were secured 
for the K-feldspars. The 20 positions of selected plagîoclase reflec­
tions, along with the Important line differences, are recorded in Table 
11. Computer-refined direct and reciprocal cell parameters are listed 
In Tables 12 and 13, respectively.
The structural states of six chemically analyzed plagloclases 
were examined In terms of the variation of the angular difference 
2e (1 3 1 )-2 0 (1 3 1 ). Smith (1956) found that the value of 20 (131)-20(13 l) 
varies with both plagîoclase composition and structural state.
Figure 13 Illustrates this variation. The upper line gives the varia­
tion of 20(131)-20(131) with composition for completely disordered 
plagîoclase of high structural state, and the lower line represents 
ordered plagîoclase In low structural state. These curves are taken 
from Bambauer et al. (1967) who have modified the original curves of 
Smith (1956).
Since knowledge of the chemical composition of plagioclase is 
required before Its structural state can be ascertained, only 
plagloclases A, C, M, J, P, and S of the 16 for which X-ray diffraction 
data was obtained are plotted on Figure 13. All six of these samples 
are clustered around the plateau region of the lower curve and are
50
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CD"OO
Q.
CgQ.
"O
CD
C/)
o"3O
8
ci'
3
3 "
CD
CD"OOQ.CaO
3"OO
CDQ.
"O
CD
C/)C/)
Table 11. 26 values (CuKa radiation) of selected reflections and line differences
of plagioclase feldspars from the Philipsburg batholith
Sample 220 131 131 2S1 241 26(131)-
26(131)
26(241)-
20(251)
26(131)-
20(220)
26(131)+20(22O)
-20(131)
A 28.36 29.65 31.42 35.45 35.96 1.77 0.51 1.29 0.48
B 28.35 29.69 31.44 35.44 35.98 1.76 0.54 1.33 0.42
C 28.35 29.67 31.44 35.44 35.98 1.76 0.55 1.32 0.44
D 28.36 29.66 31.43 35.45 35.98 1.77 0.54 1.30 0.47
E 28.36 29.65 31.44 35,46 35.96 1.78 0.51 1.29 0.49
F 28.35 29.65 31.44 35.43 35.97 1.79 0.54 1.30 0.49
G 28.32 29.68 31.42 35.42 36.00 1.75 0.58 1.46 0.39
H 28.35 29.67 31.43 35.44 35.97 1.76 0.53 1.32 0.44
J 28.35 29.64 31.41 35.44 35.97 1.77 0.52 1.30 0.47
K 28.34 29.65 31.42 35.44 35.96 1.77 0.52 1.32 0.45
L 28.33 29.67 31.40 35.42 36.00 1.73 0.59 1.34 0.39
M 28.34 29.68 31.42 35.42 36.01 1.74 0.59 1.34 0.40
N 28.34 29.70 31.42 35.43 36.02 1.78 0.60 1.35 0.37
P 28.32 29.67 31.41 35.41 36.04 1.73 0.63 1.35 0.38
R 26.34 29.69 31.40 35.40 36.01 1.72 0.61 1.35 0.37
S 28.34 29.69 31.41 35.42 36.03 1.72 0.61 1.36 0.36
Note; The 20 values obtained for each sample are averages of three measured diffractometer traces.
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Sample Cell
0
edges (A)t Interaxial angles Cell 03 Standard Ref lectloi
if)O volume (A) error 20 measured;3O £ b £ 0 6 Y accepted
3CDO L 8.1640 12.8612 7.1205 93*37.36' 116*20.59' 89*34.33' 668.485 0.01724 21/19O
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Figure,13. Boundary curves for the variation of 20(131)“26(131) with 
plagioclase composition for CuK^^ radiation (Bambauer et al., 1967).
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thus all in low structural states, indicating a high degree of Al/Si order 
in their lattices. This distribution is similar to that observed for 
plutonic plagloclases from the Sierra Nevada and Wallowa batholiths 
(Piwinskii, 1968; Piwinskii and Wyllie, 1968 and 1970). As in the 
case of the K-feldspars, the structural state observed for each 
plagioclase is an average value for a volume of rock and does not 
preclude structural state variation between and within individual 
plagioclase crystals.
Structural state indices for the six plagioclase samples were 
calculated from Figure 13 according to the method of Slemmons (1962). 
Slemmons divided the region between the high and low structural state 
curves of Smith (1956) into ten equal portions and attached a value 
of zero to the completely disordered high structural state curve. The 
low structural state line for ordered plagloclases was assigned a 
value of 100. The numerical values derived for plagloclases plotted 
on such a diagram were termed ’’intermediacy indices” by Slemmons (1962). 
Since no linear relationship has yet been demonstrated between the 
degree of Al/Si ordering in a plagioclase and its relative position 
between the high and low structural state curves of Figure 13, the 
intermediacy index cannot be considered to be a direct index of Al/Si 
ordering. It is simply a measure of the relative position of a data 
point on Figure 13.
The intermediacy indices of the six plagioclase samples plotted 
on Figure 13 are recorded in Table 14. Bambauer et al. (1967) have 
noted that the potassium content of a plagioclase, as well as its An 
content and degree of Al/Si order, influences its position on the 
2 6 (1 3 1 )-26(131) variation diagram. Thus two plagloclases with the same
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Table 14. Comparison of structural states of coexisting 
plagioclase and K-feldspar
58
Sample Plagioclase 
intermediacy index*
K-feldspar Abe
A 70 0.82
C 67 0.79
J 73 0.78
M 71 0.87
P 80 0.88
S 84 0.91
* Calculated from Figure 13 by the method of Slemmons (19&2). See text 
for explanation.
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degree of order and the same An content, but of different Or contents, 
might yield different apparent structural states on Figure 13.
Increasing Or content tends to decrease 29(131)-28(131) (Bambauer et al., 
1967). Inspection of Table 3, however, reveals that the Or contents 
of plagloclases A, C, J, M, P, and S are approximately constant, so 
the variation pattern of their intermediacy indices probably reflects 
differences in Al/Si ordering more than variations in Or content. 
Bambauer et al. (1967) have also stated that the low structural state 
curve of Figure 13 is actually quite poorly defined in the plateau 
region between approximately An^^ and An^^. Those authors found that 
plagloclases with the same apparent degree of Al/Si order, based upon 
evidence of geologic occurrence, plot in a rather wide band in the 
plateau region. For this reason, in addition to the lack of physical 
evidence of a direct correlation between intermediacy index and degree 
of Al/Si order, the significance of the finely divided intermediacy 
index values of the six plagloclases from the Philipsburg batholith 
is questionable.
In spite of the reservations expressed above, comparison of the 
plagioclase intermediacy indices with the Abe values (Table 14) for 
the K-feldspars from the same rocks reveals that both feldspars from 
rock sample S are apparently more highly ordered than the feldspars 
from the other five samples. Sample P contains the second most highly 
ordered K-feldspar and plagioclase. Among the remaining four feldspar 
pairs, agreement between the apparent degrees of order of the coexisting 
feldspars is not as good. It may be noted, however, that the ranges 
in Abe and intermediacy index values for these four feldspar pairs is 
relatively small. No importance should be attached to the differences
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between the numerical values of the intermediacy index and dbc values 
for coexisting feldspars. Only the variation trend for each index 
might have a physical significance.
The pattern of variation in plagioclase intermediacy indices 
is thus generally analogous to the variations observed in the K-feldspar 
structural states.
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Chapter 6 
GEOTHERMOMETRY
A feldspar geothermometer based upon the partitioning of the
Na-feldspar (Ab) molecule between coexisting alkali feldspar and
plagioclase has been developed by Barth (1956, 1962). Neglecting the
effects of pressure and total feldspar composition, the ratio 
mole % Ab in K-feldspar ^mole % Ab In pTaiioclase ' *'d "= constant for a given temperature.
Figure 14 is taken from Barth (1956). Line a-a represents the ordered
or low temperature feldspars, b-b the intermediate temperature feldspars, 
and c-c the high temperature or disordered feldspars. The dotted line 
is an average curve plotted to account for variations in feldspar 
ordering and composition. The geothermometer is most accurate for rocks 
containing alkali feldspar and plagioclase with compositions in the 
ranges Or^Q gg and An^g ^g, respectively, and involves an estimated 
error of +50® C (Barth, 1956),
To obtain meaningful results fr<wn the two-feldspar geothermometer, 
the Ab partitioning ratio, K^, must be calculated for two feldspar 
phases that coexisted in equilibrium. Since the plagioclases from 
the Philipsburg batholith are strongly zoned and earlier than the 
K-feldspars in the same rocks, a comparison of bulk plagioclase and 
K-feldspar compositions is not satisfactory. On the basis of the 
pétrographie evidence that plagioclases in physical contact with 
K-feldspar crystals often exhibit reaction rims, the compositions
61
I
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
62
1000
900 700 600 500 400
-.80
1600-.70
2.55'e
-0.5 -.60
-.50
- 1.0
-.25
1850.5
20
.15
- 2.0
Figure 14. Relation between temperature and the ratio of distribution 
of alblte between K-feldspar and plagioclase. Abscissa: the inverse of 
the absolute temperature. Ordinate: natural logarithms to the ratio of 
distribution (Barth, 1956).
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Table 15. Ab-partitionîng between coexisting K-feldspar and plagioclase
from electron microprobe analysis*
Sample K-feldspar Plagioclase Partitioning
composition rim composition ratio**
C *^6 .40^9 3 .6 ^^71.5^”28.5
J #1 Ab^ QOr^^ p *^57.5*"42.5
J #2 ^*^8.4®’'9I.6 *^53.5*"46.5
^ *^5.6°^94.4  *^ 8 9 .5 *" l0 .5
* See Appendix IV and text for discussion,
 ___ mol. % Ab in K-feldspar
~ molJ A b i n  plagioclase *
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of plagioclase rim — K-feldspar pairs In actual contact were selected 
as probable equilibrium compositions.
Microprobe scans were run across plagioclase - K-feldspar 
contacts in thin sections cut from rock samples C, J, and M. The 
compositions obtained, along with the Ab partitioning ratios, are 
recorded in Table 15. The feldspar pair compositions are taken from 
locations within approximately 5 microns of each other. The Ab 
partitioning ratios are 0.06, 0.09, and 0*14 for samples M, C, and J, 
respectively. The value for sample J is the average of the ratios for 
two different scans. The ratios correspond to temperatures of 
approximately 420° C for sample J and 350° C for sample C. The ratio 
for sample M is too low to obtain a temperature value from Figure 14.
All four of the analyzed K-feldspars and two of the plagioclases 
fall outside of the composition ranges for which the two-feldspar 
geothermometer is most reliable (i.e. ^ 7q_9 q ^°10-30’
respectively). The temperature values obtained are thus probably not 
reliable in themselves. The relative temperatures are, however, probably 
significant. If the two feldspar compositions are truly equilibrium 
compositions, then the partitioning ratios indicate that the temperature 
of the last equilibration between the K-feldspar crystals and the 
plagioclase rims decreased from sample J, through sample C, to sample 
M. This trend parallels the increase in K-feldspar ordering for the 
same three samples, as indicated by the ̂ bc values listed in Table 8. 
This relationship strongly suggests that the K-feldspar ordering process 
was temperature dependent in the Philipsburg batholith. It should be 
noted that the relative temperatures indicated above are not those of 
K-feldspar crystallization, but are rather those that pertained during
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or after K-feldspar exsolution, since the analyses obtained here are 
for the potassic phase of perthitic K-feldspars and are not bulk 
compositions. The recorded Ab ratios more likely record the relative 
temperatures at which equilibration between the potassic phases of 
the perthites and plagioclase crystals in contact with K-feldspar 
ceased and also possibly the relative temperatures at which Al/Si 
ordering in the K-feldspars ended.
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Chapter 7 
FELDSPAR PETROGENESIS
The data gathered in this study regarding plagioclase structural 
states and the Al/Si ordering and compositions of the potassic phases 
of perthites permit an evaluation of some of the physical conditions 
present in the Philipsburg batholith during the time of the last 
readjustments in feldspar structure and composition.
The Relation of Feldspar Structure to Magma Composition
Variations in the chemical composition of the magma that formed 
the Philipsburg batholith correlate very strongly with the observed 
trends of K-feldspar and plagioclase structural state variation. As 
demonstrated by Figure 12, the degree of Al/Si ordering in the 18 
K-feldspars examined varies directly with the "differentiation index" 
(D.I.), which is a measure of whole rock composition and thus of the 
composition of the parent magma. The more felsic rocks (i.e. those 
with higher D.I. values) contain the more ordered K-feldspars. A 
similar trend is suggested by the intermediacy indices of the plagioclase 
feldspars (Chapter 5).
The widespread geologic occurrence of microcline in such late- 
stage, low-temperature rocks as pegmatites and sanidine in such high- 
temperature rocks as rhyolitic ignimbrites indicates that feldspar 
structural state is also a function of temperature. Whole rock 
composition and crystallization temperature have been related in
66
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the experimental studies of Piwinskii (1968) and Piwinskii and
(1970). Figure 15 is taken from Piwinskii (1968) and shows 
the melting relationships determined for rocks from the Sierra Nevada 
batholith ranging in composition from granite to tonalité (quartz 
diorite). A similar diagram for plutonic rocks from the Wallowa batho­
lith of northeastern Oregon was obtained by Piwinskii and Wyllie (1970). 
Figure 15 shows that the solidus temperature decreases as the rock 
composition becomes more differentiated (felsic). The differentiation 
index values on Figure 15 cannot be directly compared with those 
employed in this study, since they are based upon normative rather than 
modal compositions. The solidus obtained by Piwinskii (1968) represents 
the beginning of melting of a rock sample. If the solidus is inter­
preted from an alternate viewpoint as the temperature at which 
crystallization from a cooling magma is completed, Figure 15 indicates 
that crystallization ends at a higher temperature for a rock of quartz 
dioritic composition than it does for a granite. The last crystals 
to precipitate from magmas of these contrasting compositions would 
then be expected to have crystallized at different temperatures.
In the Philipsburg batholith textural evidence shows that 
K-feldspar was the last major constituent to crystallize. Figure 15 
thus suggests that the K-feldspar samples from the felsic rocks of 
the Philipsburg batholith crystallized at lower temperatures than those 
from more mafic host rocks. The K-feldspars from the core and eastern 
portions of the pluton would thus be expected to have lower temperature, 
more ordered structures than those from the southwestern region. This 
is the relationship that is observed (Figures 2 and 12).
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Figure 15. Temperature-Differentiation Index diagram for the "granitic" 
rocks of the Sierra Nevada batholith at 2 kb, water pressure. Phase 
boundaries are connected with those determined for a high alumina basalt 
by Yoder and Tilley (1962), From Piwinskii (1968).
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The melting relationships shown on Figure 15 were derived under 
*B^^^"G3^urated conditions at 2kb pressure. As previously discussed,
(1971) concluded that the pressures in the Phllipsburg 
batholith were less than 2kb (see Chapter 1). He also concluded, 
based upon the presence of regular oscillatory zoning in plagioclase 
crystals, that the magma of the pluton was undersaturated with respect 
to water. The conditions pertaining in the melting experiments of 
Piwinskii (1968) and Piwinskii and Wyllie (1970) are thus not directly 
comparable to those believed to have been present in the Philipsburg 
batholith. However, melting experiments conducted by Robertson and 
Wyllie (1971) on granitic rocks in a water-deficient environment show 
that the solidus temperature is controlled by whole rock composition 
and water pressure, but is independent of the amount of water present. 
The relative solidvs temperature variations of Figure 15 should thus 
still be applicable to the Philipsburg batholith even if the absolute 
temperatures indicated on the diagram are not.
Another line of evidence linking K-feldspar structural state 
variation to temperature differences has been obtained by two-feldspar 
geothermometry (Chapter 6). Calculations based upon Ab partitioning 
between three coexisting plagioclase and K-feldspar pairs show that 
the temperatures at which the last equilibration between the two 
coexisting feldspars of each pair took place range from a high value 
for the rock with the least ordered K-feldspar crystals to a low 
value in the sample containing the most ordered K-feldspar. Although 
the values derived from Barth's geothermometer do not necessarily 
represent the original K-feldspar crystallization temperatures, they do
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inoicate the temperature-dependence of the observed K-feldspar 
structural states.
The structural state variations observed in the K-feldspars, 
and to a lesser extent in the plagioclases, of the Philipsburg 
batholith seem thus to be accounted for by primary temperature 
variations attendant upon the cooling of the pluton. These temperature 
variations were in turn dependent, at least in part, upon differences 
in chemical composition within the cooling magma.
That the structural state, or degree of Al/Si order-disorder, of 
a feldspar should be a function of temperature has a theoretical 
foundation in the thermodynamic relationship AF = AH - TAS. At 
equilibrium, AF = 0 so that AS = AH/T. AS, the entropy, is a measure 
of order-disorder and is inversely proportional to and thus directly 
related to temperature.
K-feldspar Exsolution History
The composition of the potassic phase of the perthitic K-feldspars 
and their exsolution history can be examined in terms of the phase 
relationships shown in Figure 16. The figure (from Ragland, 1970) 
portrays, in part diagramatically, the subsolidus phase relations in 
the binary orthoclase-albite system. The diagram is a composite of the 
phase relations shown by Wright (1964, 1967). The curve X-B is the 
binary solvus for synthetic sanidine in the system Ab-Or at 2kb ^ 
(Orville, 1963). It is the only curve on the diagram that is known 
accurately. Line D-Z is an approximate solvus for microcline.
A monoclinic K-feldspar of bulk composition Or^^ (the average of 
the analyses in Table 2) would exsolvc along curve A-B or A-D depending 
upon whether the monoclinic-triclinic transformation is first or
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Figure 16, Subsolidus phase relations in the binary orthoclase- 
albite system. See text for explanation.
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second order, respectively, A first order transformation involves 
changes in such properties as entropy and volume and requires the 
breakdown of the original structure and the nucléation of the new 
structure. If the monoclinic-triclinic inversion is a first order 
transformation, an exsolving K-feldspar would follow path A-B-D-C-Z 
if equilibrium were maintained. Along B-D, orthoclase would rapidly 
invert to microcline while it was exsolving albite. The loop B-D-E 
is thus a transition loop in which monoclinic and triclinic K-feldspars 
can coexist at equilibrium. If equilibrium is not maintained, due 
for example to the monoclinic-triclinic inversion occurring more 
slowly than cooling, a non-equilibrium path such as B-C might 
be followed.
If the K-feldspar monoclinic-triclinic transformation is second 
order, no breakdown or nucléation of a new structure is required,
A second order transformation involves continuous changes in such 
properties as specific heat and compressibility, A K-feldspar under­
going such a transformation would be expected to follow a path such 
as A—D—C—Z,
The compositions of the potassic phases of the 18 perthites 
listed in Table 9 lie between lines I and II on Figure 16. This compo­
sition distribution, along with the presence of K-feldspar structural 
states intermediate between orthoclase and maximum microcline (Figure 9), 
indicates that the K-feldspars of the Philipsburg batholith could have 
either followed a second orther transformation throughout which 
equilibrium was maintained (a -D-C-Z) or a first order transformation 
where equilibrium was not preserved (a -B-C-Z). With the existing 
data, it is not possible to distinguish between these two paths.
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Only sample S, which contains both a monoclinic and a triclinic
, may have exsolved along path A-B-D, Whichever path was 
followed, the slope of the lines in Figure 16 indicates that with 
falling temperature, and presumably, therefore, with increasing 
Al/Si order, the composition of the potassic phase becomes 
progressively less sodic in composition. This is the relationship 
suggested by the K-feldspars of the Philipsburg batholith in Figure 11. 
Other Factors Influencing Feldspar Structural State
Cooling rate, volatile content, the presence of a peralkaline 
or peraluminous environment, and shearing stress have also been 
suggested as being important influences upon feldspar structural 
state.
Wright (1967) has stated that the composition of a feldspar and 
the length of time it was held near the temperature of transformation 
may be more Important in determining the degree of Al/Si ordering 
attained than the initial crystallization temperature. In the 
Philipsburg batholith no textural evidence has been found to suggest 
that cooling rates varied much within the pluton (Ehinger, 1971), 
so it is impossible to determine the degree of influence of variable 
cooling rates on the observed variation in feldspar structural states.
The catalyzing effect of volatiles has been called upon by 
various authors (for example Parsons, 1965; Ragland, 1970) as an 
important control of the ordering and exsolution processes in alkali 
feldspars. Parsons and Boyd (1971) have observed that volatile 
constituents, which are usually expected to increase in relative 
amount during the normal course of magmatic evolution, may affect 
feldspar structures both during the initial crystallization of the
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feldspar and during later stages of annealing as the magma cools. 
M&rtin (1969) has shown that a peralkaline environment, containing 
even small amounts of sodium disilicate, may considerably increase 
the rate of Al/Si ordering, while a peraluminous environment has 
the opposite effect. In the Philipsburg batholith, Ehinger (1971) 
has cited the decrease of oscillatory zoning in plagioclase crystals 
towards the interior of the pluton and the presence of deuteric 
alteration in the core region as indicating an increase in volatile 
constituents in the central portions of the batholith. The observed 
increase in K-feldspar ordering in this same region agrees with the 
hypothesis that volatile constituents increase the rate of Al/Si 
ordering. A rigorous analysis of the effects of volatiles upon 
feldspar ordering in the Philipsburg batholith is not possible, 
however, from only the data on feldspar structure and chemical 
composition that is yet available.
A final factor which may have an effect upon feldspar ordering 
is shearing stress (Crosby, 1971). The precise crystal chemical 
effects of such stress are not know, but they have been considered 
as somehow aiding the process by which triclinic domains within a 
K-feldspar recrystallize to form the larger domains present in 
microcline. The presence of bent biotite laths in sample S, the only 
rock studied that contains microcline, suggests that differential 
stress may have played a role in K-feldspar ordering in at least some 
portions of the Philipsburg batholith.
The feldspar structural and chemical data presented in this 
study are thus compatible with the interpretation that the observed 
variation in the degree of K-feldspar and plagioclase Al/Si ordering
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
75
1» a function of primary temperature differences that existed within 
the Philipsburg batholith. The temperature variations were, in turn, 
controlled by the chemical composition of the parent magma. Other 
factors, as discussed above, may also have had an influence on the 
structural states eventually attained by the feldspars of the pluton. 
This interpretation is compatible with both the assimilation and 
differentiation processes considered by Ehinger (1971, 1972) to 
have been operative in the Philipsburg batholith.
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Chapter 8 
CONCLUSIONS
The K-feldspars from the Philipsburg batholith exhibit a signifi­
cant range of structural state between the Al/Si degrees of order of 
orthoclase and maximum microcline. The observed variations correlate 
strongly with changes in host rock composition and location within 
the pluton. Data for the plagioclase feldspars suggest a similar 
variation from more ordered forms in the eastern and core regions 
of the batholith to less ordered forms in the southwest.
Bulk plagioclase ccnnpositions correlate with whole rock composi­
tions, whereas the bulk K-feldspar analyses do not. Estimates of the 
compositions of the potassic phases of the perthitic K-feldspars 
suggest that the more ordered samples are also poorer in Na content.
Two-feldspar geothermometric estimates for three K-feldspar- 
plagioclase pairs indicate that the more ordered feldspars of the 
core and eastern regions were formed at lower temperatures than those 
from the southwestern area of the pluton. Melting experiments 
conducted on crustal rocks by Piwinskii (1968) and Piwinskii and Wyllie 
(1968) demonstrate that the correlation between feldspar structural 
state and host rock composition is a temperature-dependent relationship.
The available data indicate that the variations in feldspar 
structural state observed within the Philipsburg batholith are 
entirely compatible with an interpretation of varying temperatures
76
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of feldspar formation, reflecting changes in magma composition 
throughout the pluton.
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Appendix I 
MODAL ANALYSES
The modal analyses presented for samples A, B, C, D, E, F, G,
J, K, L, M, N, and P are taken from Ehinger (1971). They were derived 
from point counting stained slabs under a binocular microscope using 
techniques described by Ehinger (1971). The analyses for samples R,
T, and Ü are from the unpublished data of Hyndman and Silverman and 
were similarly obtained from point counting stained rock slabs.
The analyses for samples H and S were performed by the writer 
upon thin sections stained with sodium cobaltinitrite and amaranth 
for K-feldspar and plagioclase, respectively. The point counting was 
done with a mechanical stage using regularly spaced traverses across 
each thin section with a spacing of approximately 0.1 mm between points. 
A total of 2350 points were counted for sample H, while 1200 were 
counted for sample S due to a smaller thin section size.
78
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Appendix II 
STRUCTURAL STATE DETERMINATION PROCEDURES
Sample Selection
Rock specimens collected from the western two-thirds of the 
Philipsburg batholith by Ehinger (1971) and from the eastern third of 
the pluton by other workers as part of the Hyndman-S1 Iverman Flint 
Creek Project were available to the writer. Thin sections were Inspected 
from many of these samples situated along two traverses from the low 
specific gravity core of the pluton to Its perimeter. The first 
traverse was from the core towards the southwestern high specific 
gravity, maflc-rlch portion of the batholith at Summer Gulch. The 
second traverse extended from the core to the eastern contact (see 
Figure 2). Eighteen of the specimens examined were judged to have 
feldspars sufficiently fresh in appearance to yield accurate structural 
state determinations and good chemical analyses. These samples are 
indicated on Figure 2, Sample S, although It was not found in place.
Is Included because it contains optical microcline. The eighteen 
samples do not fall on linear traverses, but are Instead located 
within elongate zones approximately one mile In width.
Mineral Separation
Rock samples were crushed and sieved following the procedure 
described by Benoit (1972). The ^80 and >115 mesh fractions were 
then selected for separating K-feldspar and plagioclase samples using
79
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heavy liquids. The <80 and >115 mesh size fraction was selected on 
the basis of two considerations. First, it was considered desirable 
that the grain size be small enough that most grains would be mono­
mineral ic. This was especially important in the case of the poikilitic 
K^fëldspars. The second consideration was that the grain size should 
be large enough to prevent grains from becoming suspended in the heavy 
liquid medium or from settling or floating only very sluggishly. On 
balance, the <80 and >115 mesh fraction seemed satisfactory for the 
purpose of feldspar separation.
After crushing and sieving, a portion of the <80 and >115 whole 
rock mesh size split was passed through a Franz isodynamic separator 
to remove as many of the mafic mineral grains and polymineralic grains 
with mafic components as possible. The process was repeated until 
essentially no more mafic mineral grains could be removed this way. By 
visual estimate, the felsic separate (quartz, K-feldspar, and 
plagioclase) at this stage was usually judged to be 99% pure or 
better.
A heavy liquid mixture of bromoform and N,N-Dimethylformamide 
was prepared with a density of approximately 2,65. At this density 
K-feldspar floated, while quartz and plagioclase sank.
Rough K-feldspar and plagioclase + quartz separates for each rock 
were first prepared by placing a portion of the crushed rock sample, 
after most mafic minerals had been removed, in a separatory flask 
approximately two-thirds filled with the heavy liquid mixture. The 
resulting mixture was then gently stirred with a glass rod, taking care 
not to splash any mineral grains onto the sides of the flask. After 
allowing several hours for the minerals to separate, the heavy mineral
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that sank and the portion that floated were carefully removed 
from the flask* This was accomplished by first draining the mineral 
portion that sank and filtering It through filter paper. The remaining 
liquid and the mineral grains that floated were then removed employing 
another filter paper. In draining this final portion from the flask, 
many mineral grains adhered to the Inside walls of the flask. These 
were removed by washing them down the Inside of the flask with distilled 
water into another filter paper. The flask was then thoroughly dried 
before reuse. This process was usually repeated two or three times 
in preparing the rough mineral separates.
The final, clean K-feldspar concentrates were prepared by passing 
the rough K-feldspar separates through a heavy liquid mixture adjusted 
in density so that a K-feldspar grain (a microcline chip was used for 
this purpose) would just barely float, while a quartz or plagioclase 
chip would quickly sink. After letting the rough K-feldspar separates 
settle In this biased-denslty heavy liquid mixture, the pure K-feldspar 
grains floated and any plagioclase and quartz grains present, together 
with most polymineralic grains, sank. This procedure was often 
repeated many times until the K-feldspar concentrate was judged pure. 
The test for purity consisted of examining a sample of the separate, 
placed In an oil of refractive Index 1.54, under a pétrographie 
microscope. K-feldspar with a refractive Index <1.54 could then easily 
be distinguished from plagioclase or quartz which have refractive 
indices >1.54. For each sample at least 200 grains were examined. If 
no more than 1 of the 200 grains was not pure K-feldspar, the sample 
was judged to be pure.
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The final, clean plagioclase concentrates were prepared in a 
similar manner by passing them through a heavy liquid mixture biased 
in density so that plagioclase would just barely sink. It was even 
possible in most cases to remove most of the quartz by adding bromoform 
or N,N-Dimethylformamide dropwise until the quartz would float and the 
plagioclase would sink.
The process was again repeated until the concentrates passed a 
purity test similar to that employed for the K-feldspar. In several 
samples, however, it was not possible to remove all of the quartz 
from the plagioclase, so that excess quartz is sometimes present to a 
small extent in the plagioclase concentrates, largely as compound grains 
of plagioclase + quartz. Therefore, some of the plagioclase chemical 
analyses may show SiO^ in slight excess of its true abundance in the 
plagioclase.
For samples T and U the plagioclase must have been nearly the 
same density as quartz, for the two minerals could not be successfully 
separated from each other. Since in these two samples quartz was in 
considerable excess of the amount of plagioclase present, no chemical 
analyses were performed. Due to insufficient concentration of 
plagioclase, no satisfactory diffraction patterns were obtained and 
unit cell refinements were therefore not secured for samples T and U.
For most rock samples it was necessary to process several separate 
quantities of the original cleaned felsic concentrates (quartz + 
plagioclase + K-feldspar) in order to secure sufficient amounts of the 
two clean feldspar separates for diffraction and chemical analysis 
purposes. For specimens G and J it was necessary to secure additional 
amounts of clean K-feldspar and plagioclase from the <42 and >80 mesh
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size fraction. It was also necessary to frequently readjust the heavy 
mixture density, since the NjN-Dimethlyformamide evaporated 
preferentially to the bromoform, causing the liquid mixture to increase 
in density with time. Temperature fluctuations also caused shifts in 
the heavy liquid mixture density which were often of a large enough 
magnitude to disturb the mineral separations, especially during the 
delicate process of separating plagioclase from quartz.
The mineral separation procedure employed in this study inherently 
introduces the risk of producing a ’final' mineral separate that is 
not truly representative of the mineral in the host rock. The problem 
has been discussed by Dietrich (1961) with respect to K-feldspar and 
basically involves the crushing of inhomogeneous minerals (perthitic 
K-feldspar or zoned plagioclase crystals) into smaller grains that 
differ one from another in bulk composition and, therefore, in specific 
gravity. Heavy liquid fractionation of such grains may thus preferen­
tially concentrate one portion of an inhomogeneous mineral at the expense 
of a representative sample. The K-feldspars examined in this study are 
microscopically perthitic, but on a rather fine scale. This feature, 
together with the fairly large grain size «80 and >115 mesh) leads 
the writer to believe that such a fractionation effect as discussed by 
Dietrich (1961) is probably small for the K-feldspars from the 
Philipsburg batholith. The plagioclases studied, however, are zoned 
and may easily have yielded unrepresentative ’final’ clean concentrates. 
The writer found no method for evaluating the extent of such an effect.
It may be noted, however, that if unrepresentative plagioclase separates 
were obtained, they should be biased in the direction of being more 
calcic than the bulk composition, since they were obtained by settling
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out the most dense portion of a crushed rock sample* Any unrepresenta­
tive nature that may or may not be present in the bulk chemical composi­
tions of the feldspars studied should have had no effect upon the 
structural state determinations.
X-ray Diffraction
For each feldspar sample, three diffraction patterns were run 
using a Philips X-ray powder diffraction unit with a graphite crystal 
focusing monochromator. A Cu tube operated at 35 kv and 20 ma was 
employed to produce the CuK^ radiation used for all samples. A time 
constant of two seconds was used throughout the study. BaF2 was used 
as an internal standard.
Each feldspar sample was ground to a fine powder in a sapphire 
mortar and pestle and enough BaF2 was added to bring the intensity of 
the most intense BaF2 reflection up to that of the most intense feldspar 
peak. The powdered mixture of feldspar and BaF2 was packed carefully 
into an aluminum sample holder for each run. Care was taken to prepare 
a smooth surface on the sample, while introducing as little grain 
orientation as possible. In an effort to average out any errors 
Introduced in packing the samples into the aluminum holder, each 
powdered feldspar specimen was removed from the aluminum holder and 
repacked before running each of the three diffraction patterns.
Each feldspar sample was run three times from high to low values 
of 20 at a goniometer speed of 20 per minute. The K-feldspars were 
run from 20=52* to 20=20*, whereas the plagioclases were run from 
20=56* to 20=21*. Periodically during the running of each diffraction 
pattern, the range and percent suppression controls of the Philips 
recorder unit were changed so that each peak in the pattern
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extended as near to the top of the chart as possible without going 
off.
Diffraction Pattern Indexing and Measurement
The K-feldspar diffraction patterns were indexed with the aid of 
the very useful indexing guides provided by Wright and Stewart (1968). 
All K-feldspar samples except S, T, and U exhibited sharp (131) 
reflections, indicating a monoclinic symmetry• They were thus indexed 
according to Table 11 of Wright and Stewart (1968). Samples T and Ü 
exhibited somewhat broadened (131) reflections, but no (131)-(131) 
splitting was apparent, so they were also indexed according to mono­
clinic symmetry. Sample 3 contained two feldspar phases: a monoclinic
phase and a subordinate near-maximum microcline (obliquity = 0.93) of 
somewhat variable structural state. Since the triclinic reflections 
were not very intense and they were rather broad and irregular in shape, 
no attempt was made to index the triclinic phase.
The plagioclase diffraction patterns were indexed with the aid of 
the published diffraction patterns of Bambauer et al. (1967), together 
with the data of cards 9-456 and 20-548 of the Powder Diffraction File.
Reflection peaks on all diffraction patterns were measured as 
near to their tops as practicable. A portion of each peak was chosen 
that appeared to be symmetrical and smooth-sided. The location of each 
side of the peak was measured and the point half-way between them was 
taken as the center of the peak. Its location was estimated to the
nearest 0.001 26.
The position of each measured peak was corrected graphically 
relative to the nearest BaFg standard peak. BaF2 has four prominent 
reflections between 26=20° and 26=50°. By running repeated diffraction
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patterns of a mixture of BaFg very pure, clear quartz the positions
of the BaF2 reflections were calculated to be as follows:
hkl 29
111 24.873®
200 28,771®
220 41.146®
311 48.661®
These values differ slightly from those given on card 4-0452 of the 
Powder Diffraction File.
Unit Cell Refinements
Unit cell refinements of all the K-feldspar and plagioclase 
samples studied were performed with the least squares unit cell refine­
ment program of Evans et al. (1963). The program was kindly provided 
by the U.S. Geological Survey, along with a detailed description of 
the program and input instructions.
In selecting input data for the computer program, all of the 
measured x-ray diffraction pattern reflections were inspected for 
visual and statistical qualities. Only those reflections which gave 
consistently sharp peaks and which ranged in position no more than
0.03® 20 over the three patterns for each feldspar were chosen. For 
these reflections, the average 20 positions on the three charts were 
calculated and utilized in the unit cell refinement program. 20 
positions for selected important reflections and line differences for 
the K-feldspars and plagioclases are recorded in Tables 5 and 11, 
respectively.
The unit cell refinements were performed on a Sigma 7 ccanputer at 
Montana State University, Bozeman, Montana. The unit cell parameters
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which were obtained for each feldspar are recorded in Tables 6 and 12 
for the K-feldspars and plagioclases, respectively. The nnit weight 
standard error of measured 20 values (less than 0.02° 20 for all but two 
samples) and the number of reflections supplied to and accepted by the 
computer program are also listed In those tables. Reciprocal unit cell 
parameters are listed in Tables 7 and 13.
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Appendix III 
CHEMICAL ANALYSES
Procedures
Five K-feldspars and six plagioclases were analyzed chemically 
using the flame photometric and x-ray fluorescense techniques described 
by Benoit (1972), Analyses for Na in both feldspars and for K in the 
plagioclases were performed on a flame photometer. Replicate samples, 
blanks, and standards were run with each batch of feldspar samples.
The results suggest that the Na analyses are accurate to +0,1% for 
the K-feldspars and ̂ 0,27. of the total for the plagioclases, K 
analyses for the plagioclases were performed by both the flame photo­
meter and x-ray fluorescence methods. Excellent agreement was obtained 
and the K analyses are believed accurate to + 0̂.1% of the total.
Si, Al, Fe, Ca, K, and Rb were analyzed on an x-ray fluorescence 
unit. The procedures of Benoit (1972) were followed. All feldspar 
samples were diluted 1:3 with lithium tetraborate and all elements were 
analyzed twice. The reproducibility of all analyses was good. The 
estimated precision of the analyses is shown in the following table.
The values presented are percentages of the total amount, not of the 
amount of each element present,
SiOn +0,4%2 —
AI2O2 +^0,3%
F e 2 0 g  + 0 , 0 1 %
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CaO +0.05%
K^O +0.1%
Rb^O +0.02%
Analysis for Rb was performed only for the K-feldspars, as not 
enough was present in the plagioclases to measure with x-ray 
fluorescence techniques. Ba analyses were attempted for both feldspars, 
but the radiation from the very small amount of Ba present in the 
samples was totally obscured by another radiation that the writer was 
unable to identify or separate from the Ba radiation.
All feldspar analyses were run through a computer program designed 
by Hower et al. (1964) to correct for matrix effects.
Standards
National Bureau of Standards reference materials K-feldspar 70a 
and Na-feldspar 99a were the standards employed. It was necessary to 
add small amounts of CaO and Al^O^ to Na-feldspar 99a in order to bring 
it to a composition near that of the plagioclases that were analyzed, 
approximately An^^.
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Appendix IV 
ELECTRON MICROPROBE ANALYSES
K-feldspars and plagioclases from samples C, J, and M were analyzed 
with an electron microprobe at the University of Idaho. Sample prepara­
tion consisted of preparing polished thin sections, which were coated 
with carbon before analysis. Results were obtained both in the form 
of chart print-outs for continuous scans and as counts/10 sec. for 
spot analyses. The electron microprobe was operated at 15 kv and 0.10 ma 
and was capable of analyzing only two elements at a time.
Zoned plagioclase crystals were examined for Ca and Na to determine 
the nature and amount of zoning, as well as the compositions of the 
crystal cores and rims. K-feldspar crystals were scanned for K and 
Na to determine the variability of the potassic phase composition and 
to measure the ccxnpositions of K-feldspar crystals and plagioclase 
rims in contact with each other.
The standards employed were the Standards B of the University of 
Idaho. These include an orthoclase supplied by B. Evans of the 
University of Washington, Amelia albite, and a plagioclase glass of 
composition An^^QO by Ian Stuart McCallum. The Ca, Na, and K
contents of the analyzed feldspars were determined by the relationship:
^unknown ~ ^kground 
Conc.^j^jjQ,j^ I^^^ - Bkground * °"^"std"
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Appendix V 
CORRELATION TABLE
Sample Letter Used in Thesis Number In University of
Montana Collection
A K-1
B J-3
C J-2
D D-1
E D-6
F D-8
6 AA-4
H D-10
J D-12
K H-10
L H-11
M 1-21
N P2-1
P P3-5
R 320-4
S D3-3
T H19-1
Ü H19-2
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